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(57) ABSTRACT 

A functional veri?cation system Which can be used to 
evaluate either cycle based designs or non-cycle based 
designs. A target design is partitioned into multiple clusters, 
With a combinatorial block in each cluster being assigned to 
an evaluation unit. A How control memory stores data 
indicating the sequence in Which the clusters are to be 
evaluated. The evaluation units evaluate combinatorial 
blocks Within a cluster in parallel. A cluster control memory 
indicates the manner in Which a register is to be modi?ed 
upon the evaluation (and results) of each cluster. The 
instructions in the How control memory may be designed to 
examine the contents of the register and evaluate the clusters 
in different sequences depending on the content of the 
register. Evaluation of a loop of a non-cycle based design 
can thus be terminated based on the contents of the register. 
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FUNCTIONAL VERIFICATION OF BOTH 
CYCLE-BASED AND NON-CYCLE BASED 

DESIGNS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to the electronic 
design of integrated circuits, and more speci?cally to a 
method and apparatus for the functional veri?cation of a 
target integrated circuit design. 

[0003] 2. Related Art 

[0004] Functional veri?cation is one of the steps in the 
design of many integrated circuits. Functional veri?cation 
generally refers to determining Whether a design (“target 
design”) representing an integrated circuit performs a func 
tion it is designed for. In a typical design process, a designer 
identi?es the functions to be performed and designs a circuit 
using high-level languages (e.g., VHDL language Well 
knoWn in the relevant arts) to perform the identi?ed func 
tions. An example of a function may be to generate a 
predetermined output data corresponding to a given input 
data. Tools available in the industry are typically used to 
generate a loWer-level design (e.g., at gate-level) from the 
design speci?ed in a high-level language. The higher level 
languages are generally more understandable to a user 
(human-being) While the loWer level languages are closer in 
representation to the physical implementation. 

[0005] Usually, the loWer level design is evaluated against 
input data to generate output data. A determination of the 
accuracy of a functional design may be made based on the 
output data. The manner in Which input data is generated and 
output data is used for determination of accuracy may 
depend on the speci?c type of veri?cation environment. For 
example, in an emulation environment, the target design 
receives input data in a “real environment” usually having 
other components, Whose operation can be relied on for 
accuracy. The target design is implemented to typically 
operate at least With these other components. By testing the 
target design in combination With these other components, 
functional veri?cation of the target design can be performed. 
In general, a functional veri?cation system operating in an 
emulation environment needs to generate output data values 
quickly such that the output data is available in a timely 
manner for the other components. 

[0006] In contrast, in a simulation environment, a designer 
speci?es pre-determined input data and evaluates the target 
design against the input data. The output data generated by 
the evaluation is examined to determine Whether the design 
performs the desired functions. Once a designer is satis?ed 
With a design, the data representing the design is sent for 
fabrication as an integrated circuit. 

[0007] Accuracy in the functional veri?cation is an impor 
tant requirement in the design process for several reasons. 
For example, it is relatively less expensive to alter a circuit 
design prior to fabrication compared to re-designing and 
sending the design data for fabrication. In addition, it may 
require several Weeks of time to redesign and complete 
fabrication again. Such levels of delays may be unaccept 
able, particularly in the high- technology markets Where 
short design cycles are generally important. 
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[0008] In addition to accuracy, the veri?cation step needs 
to scale Well to the functional veri?cation of integrated 
circuits of large siZes. That is, a veri?cation systems needs 
to provide for veri?cation of integrated circuit designs of 
large siZes. As is Well knoWn, an integrated circuit (semi 
conductor chip) can include transistors of the order of a feW 
millions, and the number has been increasing over time. 

[0009] Furthermore, it is generally desirable that the veri 
?cation step be completed quickly or With minimal internal 
computations. The speed of veri?cation is particularly 
important in vieW of the increase in siZe and complexity of 
integrated circuits. To decrease the total design cycle time, 
it is desirable that the functional veri?cation be completed 
quickly. 

[0010] Co-pending US. patent application entitled, 
“Functional Veri?cation of Integrated Circuit Designs”, Ser. 
No.: 09/097,874, Filed: Jun. 15, 1998, describes some 
functional veri?cation systems in Which a target design is 
partitioned into many combinatorial logic blocks connected 
by sequential elements (e.g., ?ip-?ops) and With appropriate 
dependencies. The state tables corresponding to the logic 
blocks are evaluated and stored in multiple random access 
storage devices (RASDs). 

[0011] The output corresponding to each input combina 
tion is stored such that the output is retrieved from the 
corresponding RASD When the input combination is pro 
vided as a memory address to the RASD. For example, 
assuming a four input combinatorial logic and a RASD 
having four bits address bus, if the output the combinatorial 
logic is to be a 1 corresponding to an input of 1011, a ‘1’ is 
stored in the memory location corresponding to address 
1011. 

[0012] Cross-connects (XCONs) may interconnect the 
RASDs and enforce the dependencies Which preserve the 
overall function of the target design. In general, the XCONs 
provide the outputs resulting from evaluation as memory 
addresses to RASDs. An XCON may be connected to 
multiple RASDs, and the XCON together With the con 
nected RASDs may be referred to as a combinatorial logic 
output evaluator (CLOE). 

[0013] In an approach described in the co-pending appli 
cation noted above, each CLOE is connected to 16 other 
CLOEs (termed as neighbors). One of these CLOEs acts as 
a central CLOE to communicate With other groups of 16 
CLOEs. In other Words, if the output of a combinatorial 
logic evaluated in a ?rst group and the output is to be 
provided as an input to a RASD in another group, the central 
CLOEs of the tWo groups may need to communicate to 
enable the necessary data transfer. 

[0014] Such an approach may have several disadvantages. 
For example, the scheduling of evaluation of a combinato 
rial block may be undesirably complicated as the inputs may 
need to be communicated from several CLOEs and due to 
the ‘hierarchy’ in communication resulting from the central 
CLOE. Accordingly, the embodiments of the co-pending 
application may not be suitable in some environments. 

[0015] Therefore, What is needed is a method and appa 
ratus Which enables the CLOE outputs to be communicated 
in an ef?cient manner such that the evaluations can be 
scheduled and performed quickly. In addition, the approach 



US 2002/0112217 A1 

generally needs to allows for one or more of several related 
features such as tracing, veri?cation of cycle based and 
non-cycle based designs, etc. 

SUMMARY OF THE INVENTION 

[0016] The present invention enables the functional veri 
?cation of both cycle-based and non-cycle based designs. In 
an embodiment, evaluation units are designed to evaluate 
one of several combinatorial blocks Within a cluster in 
response to receiving a cluster number identifying the cor 
responding cluster. The combinatorial blocks together 
specify a target design including data dependencies. A How 
control memory stores ?oW control instructions indicating 
the sequence in Which the clusters are to be evaluated. A?oW 
processor sends a sequence of cluster numbers to the evalu 
ation units to cause the target design to be evaluated. 

[0017] To facilitate the evaluation of non-cycle based 
designs Which contain loops, a register is used to store data 
indicating a condition under Which the evaluation of a loop 
is to be terminated. A cluster control memory stores data 
indicating the manner in Which the register is to be modi?ed 
upon evaluation of the clusters. The How control memory 
may store data indicating a sequence in Which the cluster 
numbers are to be sent depending on different values in the 
register. As a result, loops of non-cycle based designs may 
be implemented in accordance With the present invention. 

[0018] Further features and advantages of the invention, as 
Well as the structure and operation of various embodiments 
of the invention, are described in detail beloW With reference 
to the accompanying draWings. In the draWings, like refer 
ence numbers generally indicate identical, functionally simi 
lar, and/or structurally similar elements. The draWing in 
Which an element ?rst appears is indicated by the leftmost 
digit(s) in the corresponding reference number. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] The present invention Will be described With ref 
erence to the accompanying draWings, Wherein: 

[0020] FIG. 1 is a ?oW-chart illustrating a method in 
accordance With the present invention; 

[0021] FIG. 2A is a block diagram illustrating an envi 
ronment in Which the present invention can be used; 

[0022] FIG. 2B is a block diagram depicting the potential 
presence of multiple combinatorial logic output evaluators 
(CLOEs) in each veri?cation board contained in a veri?ca 
tion system of FIG. 2A; 

[0023] FIG. 3 is a block diagram of an embodiment of a 
CLOE containing a cross connect (XCON) and a random 
access storage device (RASD); 

[0024] FIG. 4 is a block diagram a veri?cation system 
illustrating the manner in Which a run time controller may 
provide evaluation outputs to multiple CLOEs using a bus; 

[0025] FIG. 5 is a block diagram of an embodiment of an 
XCON Which selects and stores evaluation outputs and uses 
the stored data for later evaluations; 

[0026] FIG. 6 is a block diagram of an embodiment of a 
muXkong (contained in an XCON) illustrating the manner in 
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Which several bits of evaluation outputs can be selected and 
stored, and later used for evaluation of more combinatorial 
blocks; 

[0027] FIG. 7 is a block diagram of an embodiment of 
evaluation control unit Which interfaces With several 
muxkongs to generate an address for RASD, and provides 
the evaluation outputs to the evaluation control unit; 

[0028] FIG. 8 is a block diagram of an embodiment of a 
programmable multipleXor (contained in evaluation control 
unit) illustrating the manner in Which only a sub-set of the 
bits retrieved from a RASD can be designed to represent the 
actual evaluation outputs; 

[0029] FIG. 9 is a block diagram illustrating the manner 
in Which a byte sWapper can be implemented to transfer 
evaluation outputs from one group of CLOEs to another 

[0030] FIG. 10 is a block diagram of an eXample embodi 
ment of a byte sWapper; 

[0031] FIG. 11 is a block diagram of an embodiment of 
trace control unit enabling various trace features in accor 
dance With the present invention; 

[0032] FIG. 12 is a How chart illustrating a method Which 
alloWs different signals (or outputs of combinatorial blocks) 
to be traced; 

[0033] FIG. 13 is a How chart illustrating a method Which 
alloWs a determination of Whether a signal has reached all 
the possible states; 

[0034] FIG. 14 is a block diagram of a run time controller 
illustrating several simulation features Which can be pro 
vided in accordance With the present invention; 

[0035] FIG. 15 is a How chart illustrating a method using 
Which a memory may be simulated during functional veri 
?cation in accordance With the present invention; and 

[0036] FIG. 16 is a How chart illustrating a method using 
Which cycle based designs can be veri?ed in accordance 
With the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

I. OvervieW and Discussion of the Invention 

[0037] The present invention provides an ef?cient com 
munication mechanism betWeen combinatorial logic output 
evaluation units (CLOEs) evaluating combinatorial blocks, 
With the combinatorial blocks together typically represent 
ing a target design sought to be veri?ed. A run time control 
unit may be provided Which interconnects several CLOEs. 
The run-time controller may be designed such that any 
output of a CLOE required for a later use (as a part of a 
memory address) by another CLOE is provided to the 
another CLOE using a bus. 

[0038] In an embodiment described beloW, a bus may be 
conveniently designed to carry all the outputs required for 
later use by any of the CLOEs and each CLOE may be 
designed to store the required outputs internally and use the 
stored data at an appropriate later time, potentially after 
several cycles. 
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[0039] Due to the easier availability of the output data 
generated by other CLOEs, the logical partitioning of a 
target design may be greatly simpli?ed. In addition, any 
bottlenecks otherWise created due to the timely unavailabil 
ity of the data, may also be avoided. 

[0040] The present invention is described beloW in further 
detail With reference to several examples. First, the hardWare 
architecture in accordance With the present invention is 
described in section I. The manner in Which The method of 
the present invention is described ?rst. Example environ 
ments and systems in Which the present invention can be 
implemented are described later. 

II. General Architecture 

[0041] II. 1. Method of the Present Invention 

[0042] FIG. 1 is a ?oW-chart illustrating a method in 
accordance With the present invention. The method begins in 
step 101, in Which control passes to step 110. In step 110, a 
target design is partitioned in smaller combinatorial blocks 
While preserving the logical dependencies. The partitioning 
can be performed in one of several Ways. The target design 
can represent either a cycle-based design or a non-cycle 
based design. 

[0043] In step 120, a truth table is computed for each of the 
combinatorial blocks. Each truth table has several entries 
(roWs), With each roW identifying one combination of input 
values and corresponding output value. The truth tables can 
be computed in a knoWn Way. 

[0044] In step 130, each truth table is assigned to an 
evaluation block. An evaluation block may contain or be 
associated With a memory (‘local memory’ ) for storing the 
assigned truth tables. The output of each truth table may be 
stored in a memory location having a memory address 
formed by the corresponding combination of input values. 
As a result, a combinatorial block may be evaluated in a 
single memory access. It may be noted that a memory 
location may contain multiple bits, and thus a corresponding 
number of combinatorial blocks may potentially be evalu 
ated in a single memory access. 

[0045] In step 140, the combinatorial blocks requiring 
only the primary inputs (i.e., those provided as inputs to the 
target design) of a target design may be evaluated by the 
corresponding evaluation blocks to generate the correspond 
ing outputs. Typically, each output may be evaluated in a 
single memory access. 

[0046] In step 150, the outputs of the evaluated combina 
torial blocks required as inputs to several evaluation blocks 
Which evaluate additional combinatorial blocks are sent on 
a bus. A bus generally refers to a communication path on 
Which the same data can be accessed by (or sent to) multiple 
recipients (here the evaluation blocks). The bus can be 
implemented using any technology (e.g., using a physical 
medium or Wireless). 

[0047] In step 160, each output required for later evalua 
tion may be stored locally in evaluation blocks Which 
require the corresponding output. Some of the outputs may 
be used for multiple evaluations during different evalua 
tions. In such a case, a single copy of the output may be used 
multiple times or multiple copies may be maintained, one for 
each evaluation. 
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[0048] In step 170, additional combinatorial blocks With 
inputs available may be evaluated. Control is then trans 
ferred to step 150, in Which the outputs of the evaluated 
blocks are made available for subsequent evaluations. Steps 
150, 160 and 170 are repeated until the functional veri?ca 
tion is complete (not shoWn in FIG. 1). 

[0049] Thus, using a method in accordance With FIG. 1, 
functional veri?cation of a target design can be performed in 
accordance With the present invention. Several embodiments 
can be implemented using the method. Some eXample 
embodiments implementing some of the features of the 
method are described beloW for illustration. 

[0050] II. 2. Veri?cation System 

[0051] An eXample embodiment of veri?cation system 
200 in accordance With the present invention is depicted in 
FIG. 2. For illustration, veri?cation system 200 is shoWn in 
a simulation environment. HoWever, the present invention 
can be implemented in other types of environments such as 
emulation environments. Veri?cation system 200 may 
include combinatorial logic output generator (CLOG) 210, 
and veri?cation chassis 220. 

[0052] CLOG 210 receives data representing a target 
design and partitions the target design into multiple combi 
natorial logic blocks. The target design can be any type of 
design including cycle-based designs and non-cycle based 
designs. The partitioning may be performed in one of several 
Ways. Example approaches of partitioning are described in 
co-pending US. patent application entitled, “Functional 
Veri?cation of Integrated Circuit Designs”, Ser. No.: 09/097, 
874, Filed: Jun. 15, 1998, and is incorporated in its entirety 
hereWith. 

[0053] CLOG 210 may con?gure veri?cation system 220 
according to the partitioned target design. The beloW pro 
vided description of veri?cation system 220 provides guid 
ance on the manner in Which the con?guration may need to 
be performed. Chassis interconnect unit 227 contained in 
CLOG 210 may provide the necessary communication With 
veri?cation chassis 220 on interconnect provisioning link 
226. Interconnection provisioning link 226 may be imple 
mented using any technologies such as local area netWorks. 

[0054] Veri?cation chassis 220 may be con?gured accord 
ing to the partitioning performed by CLOG 210. Veri?cation 
chassis 220 may then perform functional veri?cation in 
accordance With the present invention. During the veri?ca 
tion process, veri?cation chassis 220 generates output data 
(primary or internal) corresponding to each state change in 
the target design. A state change may be caused either due 
to the logic implemented Within a target design or due to 
changes in input data. 

[0055] The computation of the outputs corresponding to 
each change of state of the target design is generally referred 
to as a veri?cation cycle. A veri?cation cycle typically 
consists of a speci?ed number of machine cycles, dependent 
on the target design and the mapping into internally into 
different memory units. Astage of a combinatorial logic can 
be evaluated in each machine cycle as an evaluation typi 
cally requires a single memory access. An eXample imple 
mentation of veri?cation chassis 220 is described beloW. 
























